Epithelial-mesenchymal transition (EMT) is a process that is associated with dramatic changes in cell adhesion, polarity, and migratory properties, and is typically characterized by an up-regulation of mesenchymal markers such as Vimentin and a down-regulation of epithelial markers such as E-cadherin^[@R1]--[@R6]^. EMT and its reverse process --- mesenchymal-epithelial transition (MET) --- have been shown to be of critical importance in developmental and tissue remodeling processes such as mesoderm and neural crest formation, heart valve development, secondary palate formation, and wound healing^[@R1]--[@R6]^. Accumulating evidence from experimental and clinical studies also suggests that EMT plays an important role in tumor invasion and metastasis by endowing cells with a more motile, invasive phenotype^[@R1],\ [@R2],\ [@R4],\ [@R7]--[@R9]^. Given the complexity and dynamic nature of EMT and MET, it is not surprising that several signaling pathways important for both normal and cancer development, including the TGFβ, Wnt, Notch, EGF and FGF pathways, have been implicated in governing these transitions^[@R2],\ [@R4],\ [@R9]^. More recently, several non-coding RNAs such as miR200 and miR205 have also been shown to be involved in EMT^[@R10]--[@R13]^. These pathways often exert their effect on EMT by regulating the expression of crucial EMT-related transcription factors, including those belonging to the Snail family, ZEB1, ZEB2, and Twist1/2^[@R2],\ [@R4],\ [@R14]--[@R18]^. However, despite recent progress, the molecular mechanisms acting upstream of these factors in different physiological and pathological contexts are not well characterized^[@R3],\ [@R5],\ [@R18],\ [@R19]^. Recent studies have also highlighted a link between EMT and the induction of stem cell-like properties, particularly in mammary epithelial models^[@R20],\ [@R21]^. For example, it was recently reported that the EMT-inducing transcription factor Snail2 (also known as Slug, hereafter referred to as Snail2) is a master regulator of mammary stem cells (MaSCs) and cancer stem cells (CSCs)^[@R20]^. Thus, uncovering the regulatory mechanisms of EMT-related transcription factors should provide greater insight into the signaling programs that govern the multiple facets of mammary gland biology and tumorigenesis.

The transcription factor E74-like factor 5 (Elf5, also known as ESE-2) belongs to the Ets (E twenty-six)-domain transcription factor family^[@R22],\ [@R23]^. Ets family proteins regulate a wide spectrum of biological processes and not only contribute to physiological development and differentiation, but also possess oncogenic or tumor suppressive activities^[@R24]--[@R27]^. Indeed, several Ets factors has been associated with cancer initiation, progression and metastasis^[@R24]--[@R26],\ [@R28]--[@R30]^, and expression of the Ets family member PDEF is lost in many epithelial cancers^[@R31]^. Similarly, recent studies have shown that loss of Elf5 is frequently observed in human breast cancer tissues and cell lines^[@R32],\ [@R33]^, suggesting a potential tumor suppressive role for this transcription factor.

The importance of Elf5 in normal mammary gland development is evidenced by lactation failure and a blocked alveolar morphogenesis phenotype observed in Elf5 knockout female mice^[@R34]--[@R36]^. In addition to the well established role of Elf5 in alveologenesis, we have also recently reported that loss of Elf5 triggers an increase in MaSCs during normal mammary gland development^[@R37]^. While these studies have firmly established Elf5 as a master regulator of cell fate determination in the mammary gland, the functional role of Elf5 in breast cancer progression remains largely unknown. Here, we used Elf5 conditional knockout animals, multiple breast cancer models, and clinical patient samples to uncover a unique role of Elf5 in suppressing EMT and metastasis via direct transcriptional repression of Snail2 in both the mammary gland epithelium and in breast cancer.

RESULTS {#S1}
=======

Elf5 knockout induces EMT in mouse mammary epithelium {#S2}
-----------------------------------------------------

ELF5-KO mammary glands exhibit completely blocked alveologenesis during pregnancy and lactation that is accompanied by increases in luminal progenitors cells^[@R35],\ [@R36]^. Elf5 loss also triggers increases in MaSCs during normal mammary gland development^[@R37]^. Given the proposed relationship between EMT and MaSCs^[@R21]^, we asked whether Elf5-KO affected the epithelial characteristics of mammary gland tissue. We observed that the mammary epithelium of Elf5-KO animals exhibited weaker and patchier E-cadherin staining in the adherens junctions compared to wild type (WT) animals at two pregnancy stages (P12.5 and P17.5) and on lactation day 1 ([Fig. 1a--f](#F1){ref-type="fig"}, [Supplementary Table S1](#SD14){ref-type="supplementary-material"}). Expression of the mesenchymal marker Vimentin as well as the crucial EMT inducer Snail2 was increased in Elf5-KO compared to WT luminal cells as shown by immunostaining ([Fig. 1g--r](#F1){ref-type="fig"}, [Supplementary Fig. S1a--e](#SD2){ref-type="supplementary-material"}) and western blot analyses ([Supplementary Fig. S1f](#SD2){ref-type="supplementary-material"}), suggesting that absence of Elf5 induces mammary epithelial cells to undergo EMT-like phenotypic changes.

To evaluate whether Elf5-KO induced global EMT-related changes, we performed gene expression profiling on mammary glands at lactation day 1. Microarray analyses indicated that loss of Elf5 led to several molecular features of EMT, including upregulation of key transcriptional inducers such as *Twist1, Twist2, Zeb1, Zeb2,* and *Snai2* ([Fig. 2a](#F2){ref-type="fig"}, [Supplementary Fig. S1g](#SD2){ref-type="supplementary-material"}, and [Table S2](#SD15){ref-type="supplementary-material"}). Importantly, these changes were also observed in microarrays performed specifically on mammary epithelial cells (MECs) purified from WT and Elf5-KO animals ([Supplementary Fig. S1h](#SD2){ref-type="supplementary-material"}). Furthermore, gene set enrichment analysis (GSEA) indicated that four distinct EMT/CSC-related gene signatures^[@R38]--[@R41]^ were significantly enriched in Elf5-KO mammary epithelial tissue, strongly suggesting that Elf5 loss induces a pervasive and sustained EMT signaling program ([Fig. 2b](#F2){ref-type="fig"}).

Next, to directly test the functional role of Elf5 in EMT, we stably overexpressed HA epitope tagged Elf5 (HA-Elf5) in NMuMG mouse mammary epithelial cells ([Fig 2c](#F2){ref-type="fig"}) and evaluated its effects on TGFβ-induced EMT. While control cells underwent dramatic EMT within 72 hours of TGFβ treatment, Elf5-overexpressing cells retained their epithelial features and formed tighter clusters ([Fig. 2d](#F2){ref-type="fig"}). Accordingly, E-cadherin expression was retained in TGFβ-treated Elf5-overexpressing cells but lost in control cells, regardless of cell culture density ([Fig. 2d, e](#F2){ref-type="fig"} and [Supplementary Fig. S1i](#SD2){ref-type="supplementary-material"}). HA-Elf5 expression did not affect apoptosis in basal or TGFβ-treated conditions ([Supplementary Fig. S1j](#SD2){ref-type="supplementary-material"}). We further found that enforced HA-Elf5 expression blocked the TGFβ-induced upregulation of numerous mesenchymal genes and transcription factors, such as *Cdh2, Snai2*, *Twist1*, *Twist2*, *Zeb1* and *Zeb2* ([Fig 2f](#F2){ref-type="fig"}). Taken together, these data suggest a functional role for Elf5 in inhibiting EMT in the mammary epithelium.

Elf5 knockdown in epithelial-like T47D breast cancer cells induces EMT {#S3}
----------------------------------------------------------------------

To investigate whether Elf5 also regulates EMT in the context of breast cancer, we analyzed Elf5 expression patterns in a panel of breast cancer cell lines^[@R42]^. We found that *EFL5* expression was significantly reduced in cell lines characterized by both mesenchymal morphology and high metastatic potential, suggesting the potential inhibitory role of Elf5 in EMT and metastasis ([Supplementary Fig. S2a](#SD3){ref-type="supplementary-material"}). To test this possibility experimentally, we used siRNAs to knock down Elf5 in epithelial-like T47D cells, which have moderate basal levels of Elf5 expression ([Supplementary Fig. S2a](#SD3){ref-type="supplementary-material"} and [Fig. 3a--c](#F3){ref-type="fig"}). Elf5 knock down induced EMT-like morphological features, such as a spindle-shaped appearance ([Fig. 3d](#F3){ref-type="fig"}), and led to significant reductions in E-CADHERIN, β-CATENIN and ZO-1 expression as well as increase in VIMENTIN and N-CADHERIN expression ([Fig. 3a--d](#F3){ref-type="fig"}). Moreover, E-CADHERIN and β-CATENIN were lost from cell-cell contacts and F-actin cables were reduced in Elf5-silenced cells ([Fig. 3d](#F3){ref-type="fig"}). Functionally, silencing of Elf5 increased cell motility in response to Prolactin ([Fig. 3e](#F3){ref-type="fig"}). As a complementary experiment, we induced an EMT-like process in T47D cells using the Jak kinase inhibitor AG-490^[@R43]^ and investigated the effect on Elf5 expression. Here we observed that AG-490-induced EMT-like changes, including loss of cell adhesion and E-CADHERIN expression, were also accompanied by a dramatic decrease in Elf5 expression ([Supplementary Fig. S2b--c](#SD3){ref-type="supplementary-material"}). Collectively, these data suggest that ELF5 is an enforcer of the epithelial phenotype and an inhibitor of EMT in breast cancer.

Elf5 promotes mesenchymal-epithelial transition (MET) in MDA-MB-231 breast cancer cells {#S4}
---------------------------------------------------------------------------------------

We next asked whether overexpression of Elf5 could reverse the highly metastatic, mesenchymal-like MDA-MB-231 (MDA-231) breast cancer cell line back to an epithelial state. MDA-231 cells do not express detectable endogenous Elf5 ([Supplementary Fig. S3b](#SD4){ref-type="supplementary-material"} and [Fig. 4a](#F4){ref-type="fig"}), and enforced stable expression of HA-Elf5 (MDA-231-Elf5; [Fig. 4a](#F4){ref-type="fig"} and [Supplementary Fig. S3b](#SD4){ref-type="supplementary-material"}) led to an increased cuboidal and clustered appearance within 72 hr post-transduction ([Fig. 4b](#F4){ref-type="fig"}). In agreement with the change in cellular appearance, HA-Elf5 overexpression increased the expression of several epithelial markers, such as E-CADHERIN, β-CATENIN and ZO-1, and decreased the expression of the mesenchymal cell markers VIMENTIN and SNAIL2 ([Fig. 4a](#F4){ref-type="fig"}). While Elf5-induced E-CADHERIN accumulated in the cytoplasm of MDA-231-Elf5 cells, upregulated β-CATENIN localized to cell-cell junctions as expected ([Fig. 4c](#F4){ref-type="fig"}). Furthermore, MDA-231-Elf5 cels, but not control cells displayed clear F-actin cables as well as an increased appearance of tight junctions, as indicated by membrane localized ZO-1, suggesting overall that a functional MET had occurred ([Fig. 4c](#F4){ref-type="fig"}). Elf5-induced MET was further confirmed in an additional mesenchymal-like cell line, HEK293 ([Supplementary Fig. S3c, d](#SD4){ref-type="supplementary-material"}), suggesting a general function of Elf5 in enforcing epithelial cellular characteristics.

We next analyzed the influence of Elf5 on the expression of well established EMT-related transcription factors at 48h (immediate response) and 12 days (delayed response) post-transduction of HA-Elf5 lentiviruses in MDA-231 cells ([Fig. 4d, e](#F4){ref-type="fig"}). As expected, Elf5 overexpression was followed by increased expression of the epithelial maker *CDH1* and decreased expression of the mesenchymal markers *CDH2, FN1*, and *VIM* ([Fig. 4d](#F4){ref-type="fig"}). Reduced expression of several EMT-related transcription factors, including *TWIST1, TWIST2 and SNAI2,* was observed at 12 days post-Elf5 overexpression ([Fig. 4d](#F4){ref-type="fig"}); however, only *SNAI2* was significantly repressed at 48h post-transduction, implicating SNAIL2 as a potential direct target of Elf5 in MET initiation ([Fig. 4e](#F4){ref-type="fig"}). Functionally, we observed that overexpression of Elf5 decreased the serum-responsive motility ([Fig. 4f](#F4){ref-type="fig"}, 20 h) and invasiveness ([Fig. 4g and 4h](#F4){ref-type="fig"}, 24 h and 48 h respectively) of MDA-231 cells. To exclude the possibility that these observed Elf5 cellular phenotypes resulted from genetic drift during lentiviral infection, we treated MDA-231-Elf5 cells with Elf5 siRNA ([Supplementary Fig. S4a](#SD5){ref-type="supplementary-material"}) and observed that the Elf5-induced cuboidal and clustered phenotype was completely eliminated within 72 hours post-treatment ([Supplementary Fig. S4b](#SD5){ref-type="supplementary-material"}), demonstrating that the reversal of the mesenchymal phenotype of MDA-231 cells was specifically due to HA-Elf5 expression.

Elf5 inhibits EMT via direct transcriptional repression of SNAI2 {#S5}
----------------------------------------------------------------

To test whether the observed Elf5 cellular phenotypes are dependent on Elf5 transcriptional activity, we stably overexpressed a DNA binding mutant (MT-Elf5) form of Elf5^[@R44]^ in MDA-231 cells and found that only WT-Elf5 induced the cuboidal and clustered phenotype ([Supplementary Fig. S4c--d](#SD5){ref-type="supplementary-material"}). To further probe the molecular nature and specificity of the Elf5-induced changes, we next performed microarray analyses on WT and MT MDA-231-Elf5 cells. GSEA confirmed the negative enrichment of EMT-related gene signatures in WT HA-Elf5 overexpressing compared to MT HA-Elf5 overexpressing cells ([Supplementary Fig. S4e](#SD5){ref-type="supplementary-material"}), suggesting that the observed MET-related phenotypes are dependent on the DNA binding ability of Elf5.

We next sought to identify the direct transcriptional targets of EMT among the established inducers of EMT. The transcription factor *SNAI2* was one of the candidate genes whose expression was consistently repressed by changes in Elf5 levels both in the mammary gland epithelium and in breast cancer cells ([Fig. 1m--r](#F1){ref-type="fig"}, [3a--b](#F3){ref-type="fig"}, [4a, and 4d](#F4){ref-type="fig"}). Furthermore, *SNAI2* is the only prominent EMT-related transcription factor that was strongly suppressed by Elf5 overexpression within 48 hours ([Fig. 4e](#F4){ref-type="fig"}). We thus hypothesized that Elf5 may modulate epithelial phenotypes via direct suppression of *SNAI2* expression. To investigate this possibility, we performed chromatin immunoprecipitation (ChIP) of HA-Elf5 in MDA-231-Elf5 cells followed by qPCR of the *SNAI2* promoter and upstream regions ([Fig. 5a, b](#F5){ref-type="fig"} and [Supplementary Table S3](#SD16){ref-type="supplementary-material"}). We found that HA-Elf5 ChIPs were enriched for a conserved *SNAI2* promoter region (P2), but not for upstream (P3--P7) or promoter proximal (P1) regions, suggesting that the P2 region contains the primary site for Elf5-binding *in vivo* ([Fig. 5c](#F5){ref-type="fig"}). This region is well conserved across species and, importantly, contains a consensus Elf5 DNA-binding motif^[@R45]^ ([Fig. 5b](#F5){ref-type="fig"}).

To assess the potential for Elf5 regulation of other EMT transcription factors, we performed *in silico* bioinformatics analyses of their promoter regions and uncovered potential Elf5-responsive elements in the *TWIST1* and *SNAI1* regulatory regions. However ChIP-qPCR analyses revealed no significant enrichment of HA-Elf5 binding in these regions, suggesting that *TWIST* and *SNAI1* are unlikely to be direct Elf5 targets in our experimental context ([Supplementary Fig. S4f, g](#SD5){ref-type="supplementary-material"}). To examine whether Elf5 can repress the *SNAI2* promoter, we transfected WT or mutant (mutation of the Elf5 motif in P2) *SNAI2* promoter reporter constructs into control or MDA-231-Elf5 cells. We found that Elf5 overexpression significantly repressed WT but not mutant *SNAI2* promoter activity ([Fig. 5d](#F5){ref-type="fig"}). To rule out cell line-specific effects, we also overexpressed Elf5 in MCF7 cells and observed similar repression of the *SNAI2* reporter ([Fig. 5e](#F5){ref-type="fig"}).

If *Snai2* is an important downstream mediator of the Elf5 mediated EMT/MET phenotype, we would expect restoration of SNAIL2 expression to revert Elf5-induced cellular changes back to the parental state. Indeed, overexpression of FLAG-SNAIL2 restored the original mesenchymal appearance of epithelial-like MDA-231-Elf5 cells ([Fig. 5f, g](#F5){ref-type="fig"}). Accordingly, expression of epithelial markers such as E-CADHERIN, β-CATENIN and ZO-1 decreased and mesenchymal markers such as VIMENTIN and FN1 were increased in MDA-231-Elf5-SNAIL2 compared to MDA-231-Elf5 cells ([Supplementary Fig. S5a--c](#SD6){ref-type="supplementary-material"}). Additionally, restoration of ZO-1 membrane localization in MDA-231-Elf5 cells was lost in MDA-231-Elf5-SNAIL2 cells ([Supplementary Fig. S5c](#SD6){ref-type="supplementary-material"}), further suggesting a reversion of MET. Finally, overexpression of SNAIL2 also partially rescued the reduced motility of MDA-231-Elf5 cells ([Fig. 5h](#F5){ref-type="fig"}). Collectively, these data suggest that Elf5-induced MET is mediated by direct repression of the key EMT inducer SNAIL2.

Negative correlation of ELF5 and SNAIL2 in clinical samples {#S6}
-----------------------------------------------------------

To investigate whether our experimental findings could be relevant to the pathogenesis of human breast cancer, we examined Elf5 expression patterns in relevant microarray datasets that are publicly available. In two independent clinical datasets^[@R46],\ [@R47]^, we found that *ELF5* expression was markedly reduced in hyperplasia and multiple breast tumor subtypes compared to corresponding matched healthy tissue ([Fig. 6a, b](#F6){ref-type="fig"}). We next investigated whether ELF5 may also suppress SNAIL2 expression in the clinical setting. Querying the NKI295 dataset^[@R48]^, we observed an inverse correlation between *ELF5* and *SNAI2* expression ([Supplementary Fig. S6a](#SD7){ref-type="supplementary-material"}). Interestingly, the degree of this anti-correlation increased markedly in ER- patients ([Fig. 6c](#F6){ref-type="fig"} and [Supplementary Fig. S6b](#SD7){ref-type="supplementary-material"}). Additionally, immunostaining of ELF5 and SNAIL2 in a limited set of 25 primary breast tumors revealed a similar anti-correlation in expression (r = −0.457, p = 0.0245 based on staining intensity score; Pearson correlation) ([Fig. 6d](#F6){ref-type="fig"} and [Supplementary Fig. S6c](#SD7){ref-type="supplementary-material"}). However, sample size limitations precluded clinical subtype-specific analyses of these expression patterns. We further evaluated the prognostic value of Elf5 and Snail2 in a large public clinical microarray database of breast tumors from 1354 patients^[@R49]^ and found trends toward favorable prognoses for *ELF5* high patients and poor prognoses for *SNAI2* high patients ([Figure 6e](#F6){ref-type="fig"}). Interestingly, the prognostic power of both genes was again dramatically increased in ER- patients, further suggesting clinical subtype-specific roles of the *ELF5*-*SNAI2* axis ([Fig. 6e](#F6){ref-type="fig"}). The subtype-specific prognostic power of *ELF5* was also present in the NKI295 dataset, in which *ELF5* low ER- patients were found to have significantly reduced distant metastasis-free survival times compared to *ELF5* high ER-patients ([Fig. 6f](#F6){ref-type="fig"}). When *ELF5* low and *SNAI2* high were used in combination, there was only a slight increase in the prognostic power (p=0.010, [Supplementary Fig. S6d](#SD7){ref-type="supplementary-material"}) compared to *ELF5* low alone (p=0.013), possible due to the strong anti-correlation of *ELF5* and *SNAIL2* in ER- patients. Overall, our clinical data support the experimentally described role for ELF5 as a SNAIL2 repressor and further indicate that Elf5 may function to oppose breast cancer progression.

Elf5 inhibits breast cancer metastasis {#S7}
--------------------------------------

To directly investigate whether Elf5 can suppress metastasis via its ability to inhibit EMT, we used the highly lung-metastatic LM2 subline of MDA-231^[@R50]^. We first confirmed that Elf5 overexpression ([Supplementary Fig. S6e](#SD7){ref-type="supplementary-material"}) had the same effects on LM2 cells as it did on MDA-231 cells. Indeed, Elf5 induced cuboidal, clustered cellular morphologies ([Supplementary Fig. 6f](#SD7){ref-type="supplementary-material"}), global negative enrichment of EMT gene signatures, and decreased motility in LM2 cells ([Fig. 7a,b](#F7){ref-type="fig"}).

We next investigated the effect of Elf5 overexpression on lung metastasis. Luciferase-labeled control or Elf5-overexpressing LM2 cells were injected intravenously into nude mice and subjected to bioluminescent imaging (BLI). LM2-Elf5 cells exhibited reduced lung metastasis abilities even at early time points ([Fig. 7c, d](#F7){ref-type="fig"}), implying that Elf5 may be negatively affecting the extravasation and/or early seeding of lung metastasis. Continued BLI monitoring revealed a further reduction of metastatic outgrowth in the lungs of animals injected with Elf5-overexpressing cells ([Fig. 7c, d](#F7){ref-type="fig"}), and histological analyses indicated a ten-fold decrease in the number of metastatic lesions produced by LM2-Elf5 cells compared to the control cells ([Fig. 7e, f](#F7){ref-type="fig"}). Taken together, these analyses show that Elf5 strongly inhibits breast cancer lung metastasis.

Considering the importance of the immune system in lung metastasis^[@R51],\ [@R52]^, we extended our analysis to an immunocompetent mouse model of lung metastasis. We overexpressed Elf5 in 4T1 murine breast cancer cell line^[@R53]^ ([Supplementary Fig. 7a](#SD8){ref-type="supplementary-material"}) and tested its ability to inhibit metastasis *in vivo*. Here we found that 4T1-Elf5 cells show decreased spontaneous ([Fig. 7g--h](#F7){ref-type="fig"}, by mammary fat pad injection) as well as experimental ([Supplementary Fig. S7b](#SD8){ref-type="supplementary-material"}, by tail vein injection) lung metastasis without affecting primary tumor growth ([Supplementary Fig. S7c](#SD8){ref-type="supplementary-material"}). qRT-PCR analysis indicated downregulation of EMT genes such as *Cdh2*, *Snai2*, *Twist2* and *Zeb1* in 4T1-Elf5 compared to control cells ([Supplementary Fig. S7d](#SD8){ref-type="supplementary-material"}), again suggesting that Elf5 functions to oppose EMT-related gene expression programs. As Elf5 overexpression was also shown to downregulate *Snai2* in 4T1 cells ([Supplementary Fig. S7a, d](#SD8){ref-type="supplementary-material"}), we asked whether the restoration of SNAIL2 expression could rescue the inhibition of metastasis by Elf5. Accordingly, 4T1 cells overexpressing control vector, HA-Elf5, FLAG-SNAIL2 or both HA-Elf5 and FLAG-SNAIL2 ([Supplementary Fig. S7e--g](#SD8){ref-type="supplementary-material"}) were generated and used for lung metastasis assays. While Ef5 overexpression alone led to a significant reduction of lung metastasis ([Fig. 7i, j](#F7){ref-type="fig"}), combinatorial overexpression of both Elf5 and SNAIL2 fully reverted this inhibition ([Fig. 7i, j](#F7){ref-type="fig"}). Therefore, our studies suggest that the inhibition of metastasis by Elf5 is primarily mediated through Snail2 in 4T1 cells.

To complement our xenograft and allograft metastasis models, we next examined the effects of Elf5 on lung metastasis using the well established MMTV-neu transgenic mouse model^[@R54]^. In accordance with our earlier report^[@R37]^, immunofluorescence analysis indicated that the Elf5 conditional knockout (Elf5-KO) MMTV-Neu primary tumors were Keratin-14^+^ whereas the WT tumors were Keratin-14^−^/Keratin-8^+^ ([Fig. 8a](#F8){ref-type="fig"}), suggesting a significant luminal to basal cell fate change in tumor cells upon loss of Elf5. Interestingly, we also observed an increase in Snail2 expression in Elf5-KO/MMTV-Neu compared to WT/MMTV-Neu tumors ([Fig. 8a](#F8){ref-type="fig"}). Similar to results obtained from xenograft and allograft models, here we observed that Elf5-KO/Neu transgenic mice displayed a clear trend of increased lung metastasis incidence ([Fig. 8b](#F8){ref-type="fig"}), as well as significantly increased numbers of lung metastasis nodules ([Fig. 8c](#F8){ref-type="fig"}) and greater lung lesion surface area ([Fig. 8d, e](#F8){ref-type="fig"}) as compared to their WT/Neu counterparts. Furthermore, Snail2 expression was strongly increased in Elf5-KO/Neu ([Fig. 8e](#F8){ref-type="fig"}) compared to WT/Neu lung metastasis lesions. Finally, these results were further confirmed by independent experiments in which Elf5 overexpressing primary tumor cells derived from MMTV-PyMT transgenic mice showed significantly decreased lung metastasis abilities without detectable changes in primary tumor growth following mammary fat pad injections in FVB mice ([Supplementary Fig. S8](#SD9){ref-type="supplementary-material"}). Overall, data from transgenic mice complement our findings from the NMuMG, MDA-231, and 4T1 cell line models and clinical breast cancer samples, strongly supporting the role of Elf5 as a metastasis-suppressing gene through direct targeting of Snail2.

DISCUSSION {#S8}
==========

Increasing evidence suggests that the normal genetic programs underlying various developmental processes can often be usurped in pathological conditions such as cancer metastasis^[@R55],\ [@R56]^. The functional role of epithelial-mesenchymal transition, a process crucial for embryonic organogenesis, serves as a leading example of this burgeoning paradigm^[@R2],\ [@R4],\ [@R7]^. Not surprisingly, physiological and pathological EMT share many common features and molecular regulators, and EMT studies in the context of both development and cancer may thus provide an integrative understanding of the pathological basis of malignancy.

Elf5 is well known as the master regulator of alveolar cell fate in mammary gland development^[@R35],\ [@R36]^, and recent work from our laboratory suggests a more expansive role for Elf5 in inhibiting MaSC activity^[@R37]^. However, it was not previously known whether this role of Elf5 in influencing mammary cell fate could also impact the development and progression of mammary tumors. In this report, we delineate for the first time the role of Elf5 in regulating EMT and metastasis. We have used a combination of *in vitro* cellular systems, bioinformatic analyses, and multiple *in vivo* metastasis models to show that gain of Elf5 promotes a global acquisition of numerous epithelial characteristics and suppresses metastatic progression. Conversely, loss of Elf5 induces dramatic EMT and accelerates lung metastasis. Mechanistically we have shown that Elf5 regulates these cellular programs via its direct transcriptional repression of the key EMT transcription factor *SNAIL2*. Finally, clinical dataset analyses suggest that this Elf5-SNAIL2 signaling axis is intact in breast cancer patients and significantly affects patient prognosis, particularly in the ER- cohort. Additional clinical and functional analysis will be needed to investigate the molecular basis of this subtype-specific association and the potential involvement of ELF5-SNAIL2 axis in other subgroups of breast cancers.

Snail2 is a transcription factor conserved across species that has been shown to play an important role in EMT during gastrulation^[@R5]^. In the breast epithelium, Snail2 is normally expressed in the basal/stem cell-enriched population in both mice and humans^[@R57]^ and has been established as one of the most powerful mediators of EMT in mouse and human invasive carcinoma cells^[@R19],\ [@R58]--[@R60]^. Intriguingly, a recent study has demonstrated a critical role for Snail2 in regulating mammary stem cell (MaSC) and CSC activity, particularly in cooperation with the transcription factor Sox9^[@R20]^. While Snail2 expression is known to be lost during the transition from MaSCs to differentiated luminal cells^[@R20]^, the underlying mechanism of this repression in normal mammary differentiation is unknown. Our current study indicates Elf5 as a crucial negative regulator of Snail2 in both mammary gland development and breast cancer. Adding to our recent observation that loss of Elf5 results in an increase in MaSC activity^[@R37]^, we have further dissected the role of the Elf5-Snail2 axis in MaSC regulation by gain-of-function overexpression of Elf5. Elf5 overexpression decreased MaSC activity, which was reverted by overexpression of Snail2 ([Supplementary Table S4](#SD17){ref-type="supplementary-material"}). Conversely, the increased MaSC phenotype observed in Elf5-KO mammary epithelial cells was reversed by Snail2 knockdown ([Supplementary Table S5](#SD18){ref-type="supplementary-material"}). Taken together with our extensive analysis of the Elf5-Snail2 axis in EMT and metastasis, our results suggest that high expression of Elf5 in the differentiated luminal lineage inhibits Snail2 expression and basal cell properties, while loss of Elf5 not only induces EMT and increases Snail2 -dependent MaSC activity, but also promote breast cancer metastasis ([Fig. 8f](#F8){ref-type="fig"}). Overall, these findings support previous work by Weinberg and others demonstrating a tight relationship between EMT and stemness^[@R20],\ [@R21],\ [@R40],\ [@R41],\ [@R61]^. Interestingly, GSEA of our microarray data indicated that there is significant enrichment of the CSC gene signature in Elf5-KO mouse mammary glands ([Fig. 2b](#F2){ref-type="fig"}) and, correspondingly, negative enrichment of the CSC signature in Elf5-overexpressing breast cancer cells ([Fig. 7a](#F7){ref-type="fig"}). Future experiments will be needed to investigate the potential role of Elf5 as an inhibitor of CSCs.

Altogether, our analyses have concluded that Elf5, through its direct negative regulation of Snail2, serves as a master enforcer of the epithelial cell fate. In the physiological context, this role promotes the proper identity of alveolar mammary epithelial cells, whereas in the pathological context Elf5 functions as a suppressor of EMT and cancer metastasis. Notably, Elf5 loss has been frequently detected during the early onset of disease progression at the stage of breast hyperplasia. This event may therefore represent one of the driving forces for early stage breast tumor cells to proceed with EMT and subsequent metastatic progression, thus highlighting the recently described Elf5-Snail2 axis as a potential target for early therapeutic intervention in breast cancer progression.
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![Loss of Elf5 in the mouse mammary gland results in an EMT-like phenotype during pregnancy and lactation\
Analysis of the mouse mammary epithelium from wild type and Elf5-KO mice (n=5) revealed loss of E-cadherin ***(a--f)***, up-regulation of Vimentin ***(g--l)*** and nuclear Snail2 ***(m--r)*** in luminal epithelial cells during different stages of pregnancy. P12.5 in ***a, b, g, h, m, n***; P17.5 in ***c, d, i, j, o, p***; Lac1 in ***e, f, k, l, q, r***. Arrows indicate areas with loss of E-cadherin and arrowheads indicate areas with normal E-cadherin expression in ***a*--*f***. Inset in ***f*** shows adjacent mammary epithelium with normal expression of E-cadherin. White arrows in ***g--l*** show abnormal Vimentin expression in luminal epithelial cells. Black arrows in ***m--r*** show normal Snail2 protein localization in basal epithelial cells. Size bar = 40 μm in ***a--f, m--r*** and 18 μm in ***g--l***.](nihms409301f1){#F1}

![Loss of Elf5 leads to increased EMT gene expression programs\
***(a)*** Heat map representation of microarray data displaying the expression of several key EMT-related genes in wild type and Elf5-KO mammary glands on lactation day 1. ***(b)*** GSEA data showing the enrichment of four published EMT gene signatures^[@R38]-[@R41]^ in Elf5-KO mammary glands as compared to wild type glands. NES: normalized enrichment score. ***(c, e)*** Western blot analyses of HA-Elf5 and E-cadherin protein levels in NMuMG cells transduced with vector (control) or HA-Elf5. Uncropped images of blots are shown in [Supplementary Fig. S9](#SD10){ref-type="supplementary-material"}. ***(d)*** Phase contrast and E-cadherin immunofluorescence images of NMuMG (control) or NMuMG-Elf5 cells undergoing TGFβ-induced EMT when cultured in low cell density. Experiments using cells cultured in high density are shown in [Supplementary Fig. S1i](#SD2){ref-type="supplementary-material"}. Size bar = 100 μm for brightfield and 40 μm for E-cadherin. ***(f)*** qRT-PCR analysis of expression of EMT-related genes in NMuMG (control) or NMuMG-Elf5 cells, with or without TGFβ treatment. Real time PCR values were normalized to the housekeeping gene *Gapdh*. Experiments were performed three times, each with qRT-PCR in technical duplicate, and data presented as the mean ± SD. \* p \< 0.05 by Student's t-test.](nihms409301f2){#F2}

![Silencing of ELF5 induces EMT in T47D cells and increases migratory potential\
***(a, b)*** Quantitative RT-PCR analysis of *ELF5* and EMT-related genes in T47D cells treated with control or ELF5 siRNA at low (***a***) or high (***b***) cellular density. Real time PCR values were normalized to the housekeeping gene *GAPDH*. Experiments were performed three times, each with qRT-PCR in technical duplicate, and data presented as the mean ± SD. \* p \< 0.05 by Student's t-test. ***(c)*** Western blot analysis of ELF5 and EMT markers in T47D cells treated with control or ELF5 siRNA. Uncropped images of blots are shown in [Supplementary Fig. S9](#SD10){ref-type="supplementary-material"}. ***(d)*** Phase contrast and immunofluoresence images of control or ELF5-knockdown T47D cells stained for E-CADHERIN, β-CATENIN, and F-ACTIN. Loss of F-actin circumferential belts (arrows) and relocalization of β-CATENIN from adherens junctions of the membrane (arrows) to cytoplasm are highlighted with arrowheads. Size bar = 100 μm for brightfield images and β-CATENIN, and 20 μm for E-CADHERIN and 18 μm for F-actin. See [Supplementary Fig. S3a](#SD4){ref-type="supplementary-material"} which shows the unchanged morphology of T47D cells after mock transfection. ***(e)*** Transwell migration assay of T47D cells with or without ELF5 knockdown. The data represented are shown as mean ± SD collected from 6 fields of 3 independent experiments. Student's t-tests were performed to assess statistical significance.](nihms409301f3){#F3}

![Overexpression of Elf5 reverses mesenchymal characteristics of MDA-231 cells\
***(a)*** Western blot analyses of HA-Elf5 and other EMT markers in MDA-231 cells transduced with vector (control) or HA-Elf5. Uncropped images of blots are shown in [Supplementary Fig. S9](#SD10){ref-type="supplementary-material"}. ***(b)*** Phase contrast images of parental, control or HA-Elf5-overexpressing MDA-231cells. Size bar = 100 μm. ***(c)*** Immunofluorescence analysis of control and HA-Elf5-overexpressing MDA-231 cells stained for the indicated proteins. Arrows mark the relocalization of nuclear β-CATENIN to the membrane and cytoplasm, restoration of circumferential F-actin belts, membrane localization of ZO-1 and adherens junctions, and reduced expression of VIMENTIN in Elf5-overexpressing cells. Size bar = 20 μm for β-CATENIN, and F-ACTIN, 60 μm for E-CADHERIN, and 40 μm for ZO-1 and VIMENTIN. ***(d, e)*** Quantitative RT-PCR analysis of the expression of EMT-related genes in control or HA-Elf5-overexpressing MDA-231 cells at 12 days ***(d)*** or 48h post-infection ***(e)***. Real time values were normalized to the housekeeping gene *GAPDH*. Experiments were performed three times, each with qRT-PCR in technical duplicate, and data presented as the mean ± SD. \* p \< 0.05 by Student's t-test. ***(f)*** Transwell migration assay of MDA-231 cells with or without Elf5 overexpression. The data are shown as mean ± SD collected from 10 fields of 3 independent experiments. Student's t-tests were performed to assess statistical significance. ***(g, h)*** Matrigel invasion assay of MDA-231 cells with or without Elf5 overexpression. Two time points were observed for invasion assays (24 h in ***g*** and 48 h in ***h***). The data were collected from 10 fields, performed in triplicate, and shown as mean ± SD. \* p \< 0.05 by Student's t-test.](nihms409301f4){#F4}

![Elf5 binds to the *SNAI2* promoter and represses its expression\
***(a)*** Schematic depiction of the *SNAI2* promoter with several putative ELF5 binding sites (red boxes) indicated. Primer sets for ChIP analyses are indicated by the arrows in the schematic diagram. ***(b)*** Evolutionary conservation of the ELF5 binding motif in the P2 promoter-proximal region of the *SNAI2* gene. ***(c)*** ChIP analysis of HA-Elf5 binding to the *SNAI2* promoter in MDA-231-Elf5 cells. Quantitative PCR was performed with primers specific to seven regions on the *SNAI2* promoter as indicated in ***a***. Primers against the -300 bp promoter region (P2) show significant enrichment after normalization to the *GAPDH* control. Experiments were performed three times, each with qRT-PCR in technical duplicate, and data presented as the mean ± SD. ***(d)*** Relative expression of WT or mutant (MT) *SNAI2* promoter-driven luciferase reporters in control or Elf5-overexpressing MDA-231 cells. The data represented are shown as mean ± SD collected from 3 independent experiments. ***(e)*** Relative expression of a wild type (WT) *SNAI2* promoter-driven luciferase reporter in MCF-7 cells transiently transfected with vector control or HA-Elf5 expression plasmids. The data represented are shown as mean ± SD collected from 3 independent experiments. ***(f)*** Western blot of Elf5 and SNAIL2 protein levels in MDA-231-Elf5 cells transduced with vector (control) or *SNAI2*. Uncropped images of blots are shown in [Supplementary Fig. S9](#SD10){ref-type="supplementary-material"}. ***(g)*** Phase contrast images showing morphological characteristics of control, Elf5, or HA-Elf5 and FLAG-SNAIL2 overexpressing MDA-231 cells. Outlined cells demonstrate spindle-like (left and right) or cobblestone-like (middle) morphologies. Size bar = 10 μm ***(h)*** Transwell migration assay with control, Elf5, or Elf5 and SNAIL2 overexpressing MDA-231cells. Data are shown as mean ± SD collected from 10 fields of 3 independent experiments. Student's t-tests were performed to assess statistical significance in ***c***, ***d***, ***e***, and ***h***. \* p \< 0.05 by Student's t-test; ^\#^ p \> 0.05.](nihms409301f5){#F5}

![Expression pattern and prognostic values of ELF5 and SNAIL2 in breast tumors\
***(a)*** Box plots showing *ELF5* expression in laser capture microdissection samples of invasive ductal and lobular carcinomas as compared to normal ductal and lobular cells from matched mammary glands^[@R46]^. ***(b)*** Box plots showing *ELF5* expression in laser capture microdissection samples of hyperplastic enlarged lobular units (HELU) as compared to normal terminal duct lobular units (TDLU)^[@R47]^. ***(c)*** Scatter plot showing negative correlation between *SNAI2* and *ELF5* expression in ER- patients in the NKI295 clinical dataset. Pearsons' coefficient tests were performed to assess statistical significance. ***(d)*** IHC analysis showing ELF5 expression in luminal cells and SNAIL2 expression only in some basal cells in normal breast tissue (left panel). In human breast tumors, ELF5 and SNAIL2 show inverse correlation in expression (middle and right panels). Size bar = 20 μm. ***(e)*** Kaplan-Meier plots of distant metastasis-free survival of patients, stratified by expression of *Elf5* or *SNAI2*. Data obtained from the KM plotter database^[@R49]^. p value calculated by log rank test. ***(f)*** Kaplan-Meier plots of distant metastasis-free survival of ER- patients stratified by *Elf5* expression in the NKI295 clinical dataset. p value calculated by log rank test.](nihms409301f6){#F6}

![Elf5 inhibits lung metastasis in transplantable mouse models of metastasis\
***(a)*** GSEA showing negative enrichment of published EMT gene signatures^[@R38]-[@R41]^ in Elf5-LM2 compared to control cells. ***(b)*** Transwell migration assay of control or HA-Elf5 overexpressing LM2 cells. Data are shown as mean ± SD from triplicate experiments. \*p \< 0.05 by Student's t-test. ***(c)*** Normalized BLI signals of lung metastases of mice (n = 8) injected intravenously with control or Elf5-overexpressing LM2 cells. Data represent average ± SEM. \*p \< 0.05 based on Mann-Whitney U test. ***(d)*** Representative BLI images of animals in each experimental group at the indicated time points. ***(e--f)*** Gross images ***(e)*** and quantification ***(f)*** of lung metastatic nodules from animals injected intravenously with control or Elf5-overexpressing LM2 cells. Size bar = 2 mm. \*\*p \< 0.01 by Student's t-test. ***(g)*** Box plot showing the number of lung metastasis nodules from spontaneous metastases generated by control or Elf5 overexpressing 4T1 cells after mammary fat pad injection (n=12). p = 0.0455 calculated by Mann-Whitney U test. ***(h)*** Representative H&E stained lung sections. Arrows highlight metastatic nodules. Size bar = 2 mm. ***(i)*** Box plot showing number of lung metastasis nodules from experimental metastasis of control, HA-Elf5, or HA-Elf5 and FLAG-SNAIL2 overexpressing 4T1 cells. \*p \< 0.05 by Student t- test. ***(j)*** Represented gross images of lung nodules. Size bar = 2 mm.](nihms409301f7){#F7}

![Elf5 inhibits lung metastasis in MMTV-Neu transgenic mouse model\
***(a)*** Primary mammary tumors stained with K14 and K8 or Snail2 from WT/MMTV-Neu+ or Elf5-KO/MMTV-Neu+ animals. Bar = 40 μm. ***(b--d)*** Lung metastasis incidence (***b***), number of lung metastasis lesions (***c***) and average lung lesion surface area (***d***) (arbitrary units based on pixel quantification from digital images, the data represented are shown as mean ± SD) from WT/MMTV-Neu+, Elf5-Het/MMTV-Neu+ and Elf5-cKO/MMTV-Neu+ animals (n = 11). p = 0.141 by Fisher Exact test in ***b***. p = 0.020 by Mann Whitney test in ***c***. p =0.025 by Student's t-test in ***d. (e)*** Snail2 staining in lung lesions from WT/MMTV-Neu+ or Elf5-KO/MMTV-Neu+ mice. Size bar = 2 mm and 40 μm for lung H & E and Snail2 IHC images respectively. ***(f)*** Schematic model for function of the Elf5-Snail2 axis in mammary cell fate regulation and breast cancer metastasis. During luminal differentiation of mammary epithelium, high expression of Elf5 in the differentiated luminal lineage suppresses Snail2 expression to inhibit mammary stem and progenitor cell properties (left). Low expression or loss of Elf5 allows Snail2 to induce EMT and increases Snail2-dependent stem and progenitor activities in the mammary gland (left), and promotes breast cancer invasion, metastasis, and potentially tumor initiating cell properties (right).](nihms409301f8){#F8}
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